Introduction
Anhydrous M are the only ones that can be found as natural crystals [1] . Most of the studies carried out on this family of compounds addressed to the actinides phosphates [2] [3] [4] [5] [6] [7] [8] , but it is also an interesting field of investigation as ionic conductors [9] , catalysts and ion exchangers [10] , luminescent materials and UV-emitting X-ray phosphors [11] [12] [13] . Some of them are also likely to occur in the residuals of the phosphate-based treatment processes of nuclear wastes [14] . In a previous review, Brandel and Dacheux classified phosphate compounds according to the charge of the framework [15, 16] . Thus, all the inorganic phosphates can be classified on the coordination number of the tetravalent cation (usually, an actinide element) [6] . As the coordination environments of the actinides differ with valence state, the author found convenient to discuss the compounds of the lower valence-state actinides separately from those of the higher valence-states.
Insofar as the potential applications of this family of compounds involve a wide spectrum of cations (transition, lanthanides, actinides and s-and p-block elements), it is necessary to establish the relationship between the cation and the resulting structure, including its thermal behavior. For several years, much information has been published on the crystal chemistry of the M
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IV (PO 4 ) 2 compounds. This paper aims to review the relationships between composition and crystal structure of these compounds and to propose a comprehensive classification. A review of the various processes used for the synthesis of these compounds is also proposed, as well as their most reported properties. [25] [26] [27] [28] . Some compounds can also be obtained as small single crystals, by high temperature single crystal growth method (HTSG) [29] or flux crystal growth [9, 30, 31] . Note that within the frame of this review, we obtained PbSn(PO 4 ) 2 by a classical solid state route at 1273 K from a mixture of PbCO 3 , SnO 2 and NH 4 H 2 PO 4 , whereas the only elaboration route reported in the literature dealt with single crystals [9] . The melting point of this compound was determined to be around 1298 K. 3. Crystal structures Numbers between brackets are the coordination number of M and M'. 
Synthesis
The cheralite and yavapaiite structures
Reported for the first time by Bowie et al. in 1953 [40] , the cheralite mineral, whose archetype is CaTh(PO 4 ) 2 , is an analogue of monazite CePO 4 , where Ce is replaced randomly by Ca and Th. Also named brabantite, it was described by Rose et al. in 1980 [41] . The name "brabantite" was recently replaced by "cheralite" according to Linthout paper published in 2007 [42] . Cheralite compounds crystallize in the monoclinic P2 1 /n space group (Z = 4) [43] .
This structure consists of chains made up by alternating edges-linked irregular nine-foldcoordinated M/M' cations and distorted tetrahedral phosphate groups (Fig. 2 ). Cheralite CaTh(PO 4 ) 2 does not show any phase transition at high temperature or high pressure [44] . reported by the authors since they were recalculated according to r c instead of r i ) [28] : (Fig. 3) . Two structures stem from the yavapaiite one at room temperature, namely "low-yavapaiite"
for small cations M and M' (Ca to Sr and Ge to Zr, respectively). In the frame of the present work, we also propose to name "super-yavapaiite" those made of cations big enough (i.e.
barium actinide phosphates) to form polyhedra of higher coordination. In contrast with the yavapaiite-type compounds, low-yavapaiite phosphates crystallize in the C2/c space group. This structure can be described as a distorted yavapaiite with a double lattice along the a-axis.
Apinitis and Sedmalis reported PbGe(PO 4 ) 2 as the first phosphate with a doubled-lattice yavapaiite derivate structure [35] . Compared to yavapaiite, the tetravalent cation remains in an octahedral environment whereas the divalent cation coordination decreases to eight (capped with 2 additional oxygen atoms a;
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The super-yavapaiite compound also crystallizes in the C2/c space group. The archetype for these compounds is RbEu(SO 4 ) 2 [53] . The structure is made of (100) (Fig. 1 ) [28] . The high ratio between the ionic radii of the divalent and tetravalent cations in yavapaiite forms results in the ordering of these cations into well-differentiated polyhedra, typically a large one for M II and a small one for
It is worth to note that the cheralite structure is the only non-ordered structure in the
Other structures
The structures mentioned above cannot describe all the forms encountered for the PbSn(PO 4 ) 2 is also a yavapaiite derivate with a [Sn(PO 4 ) 2 ] 2-skeleton built of corner-linked SnO 6 octahedra and PO 4 tetrahedra, while lead is located in double tunnels but not in sheets (Fig. 4) [9]. This original structure was explained by the Pb II active lone pair effect, which also conducts to the modification of the lead coordination number to nine. 12-composition. This is a non-layered structure that does not show any structural link with the yavapaiite one, probably because the ionic radius of Zr and Ca are not different enough, which allows to alternate Ca and Zr polyhedral in the same plan ( Fig. 5) . High temperature XRD analysis highlighted the existence of a high temperature form, very similar to the room temperature one, but more symmetrical (Pnma, Z = 4). SrZr(PO 4 ) 2 shows a particular behavior. At room temperature, SrZr(PO 4 ) 2 is a layered triclinic compound (S.G. P-1) containing ZrO 7 distorted pentagonal bipyramidal polyhedra [59] . Due to the high ionic radius of strontium, this latter is ninefold coordinated (actually 8+1 neighbors). The crystal structure of this compound thus consists in four types of polyhedra:
ZrO 7 , SrO 9 and two different PO 4 tetrahedra (Fig. 6) . Two of the ZrO 7 polyhedra share edges and are connected through the two different PO 4 tetrahedra to form infinite chains along [001] According to our previous work on the thermal behavior of the yavapaiite structure, one can suppose that the high temperature form of SrZr(PO 4 ) 2 is the so-called high-yavapaiite structure (P-3m1) [54] . During these transformations the coordination of the Sr II and Zr IV changes as follows: 9o10o12 and 7o6o6, respectively. [26] . The symmetry is orthorhombic and the space group is Pnma. Over 973 K, the structure turns into the cheralite form. This transformation is irreversible and associated to an increase of the compactness of the compound. This compound seems to crystallize in the orthorhombic system. We tried to obtain it by a high temperature solid-state reaction between PbO, ZrO 2 (or HfO 2 ) and NH 4 H 2 PO 4 .
Uncompleted or doubtful structures
According to chemical analysis, the resulting compound have the expected ratio Pb/Zr(Hf)/P = 1/1/2, but the crystal structure remains unsolved. samples, confirmed the instability of tetravalent plutonium in the cheralite structure [45] .
Iso-and heterovalent
The BaHf 1-x Zr x (PO 4 ) 2 solid-solution was studied by Miao and Torardi [12] . Surprisingly, despite the fact that the end-members structure is identical and the ionic radii of Zr IV and Hf building cations in the cheralite structure [5] . This result is consistent with that obtained by x < 0.5 [25] . The solubility of monazite-forming La III in BaTh(PO 4 ) 2 was not investigated. As potential candidates for the specific immobilization of long-life radionuclides, the chemical durability of cheralite compounds were extensively studied [80, 81] Th/U bearing cheralite compounds were known to show very interesting behavior under selfirradiation. As observed for other phosphate -based ceramics like E-PDT or britholite, the behavior of cheralite under irradiation is governed by two opposite effects: creation of structural defects by alpha particles and self-annealing at relatively low temperature [74, 75] .
Properties
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Thus, the cheralite structure remains crystalline as long as the creation of defects is entirely compensated by self-annealing. Indeed, well-crystallized 2 billion years aged (U,Th)-cheralite natural samples were discovered [70] .
Thermal expansion
Because of the anisotropy of the crystal structure, yavapaiite and derived compounds show a strongly anisotropic thermal expansion [10, 54] BaTi(PO 4 ) 2 shows a yellow photoluminescence below 100 K due to titanate octahedra [11] .
PbGe(PO 4 ) 2 is a green emitter at room temperature when excited by UV irradiation [35] .
According to Miao and Torardi, BaHf 1-x Zr x (PO 4 ) 2 solid solutions (x = 0 -0.2) are UVemitting phosphors under X-ray excitation at room temperature. The high efficiency of these phosphors makes them good candidates for use in medical diagnostic imaging systems [12] .
The authors also tried to dope the latter compound by divalent Eu in order to shift the emission band toward the blue region, but emission spectra were identical before and after 
